Abstract Nanofibrillated cellulose (NFC) is a type of nanomaterial based on renewable resources and produced by mechanical disintegration without chemicals. NFC is a potential reinforcing material with a high surface area and high aspect ratio, both of which increase reinforcement on the nanoscale. The raw materials used were unbleached and bleached bamboo organosolv pulp. Organosolv pulping is a cleaner process than other industrial methods (i.e. Kraft process), as it uses organic solvents during cooking and provides easy solvent recovery at the end of the process. The NFC was produced by treating unbleached and bleached bamboo organosolv pulps for 5, 10, 15 and 20 nanofibrillation cycles using the grinding method. Chemical, physical and mechanical tests were performed to determine the optimal condition for nanofibrillation. The delamination of the S2 layer of the fibers during nanofibrillation contributed to the partial removal of amorphous components (mainly lignin), which have low polarity and improved the adhesion of the fibers, particularly the unbleached cellulose. The transverse modulus of elasticity of the unbleached NFC was highest after 10 nanofibrillation cycles. Further treatment cycles decreased the modulus due to the mechanical degradation of the fibers. The unbleached NFC produced by 10 cycles have a greater transverse modulus of elasticity, the crystallite size showed increase with the nanofibrillation, and after 5 nanofibrillation cycles, no differences are observed in the morphology of the fibers.
Introduction
The production of nano-scale cellulose fibers and their application in composite materials as a means of reinforcement has gained increasing attention due to their high strength and stiffness combined with a nanosized nature, high surface area and aspect ratio, low weight, biodegradability, and renewability (Hassan et al. 2012; Siró and Plackett 2010; Nakagaito and Yano 2004; Turbak et al. 1983) . Composite materials reinforced with nano-scale cellulose have been reported for applications in civil construction, automobile parts and in the packing and biomedical sectors (Hoyos et al. 2013; Ardanuy et al. 2012; Alemdar and Sain 2008; Tang and Alavi 2011; Czaja et al. 2007) .
Nanofibrillated cellulose (NFC) is a cellulosic material composed mostly of cellulose and is obtained by a grinding process. NFC consists of aggregates of cellulose microfibrils, which are embedded in a matrix ''in vegetable fiber cell walls'', and have diameters in the range of 10-30 nm and lengths of several hundred nanometers (Hassan et al. 2012; Klemm et al. 2005 ); according to Lu et al. (2008) NFC exhibit both amorphous and crystalline components and consist of a web-like structure (Lavoine et al. 2012) . Mechanical nanofibrillation causes irreversible changes in the fibers, and increases the potential for bonding by modifying the morphology and reducing the size of the fibers (Kamel 2007; Gardner et al. 2008) . Turbak et al. (1983) and Herrick et al. (1983) primarily reported on the mechanical fibrillation of pulp fibers using a high-pressure homogenizer, which subjects pulp fibers to a large pressure drop and high shear and impact forces. Zimmermann et al. (2004) and Taniguchi and Okamura (1998) also reported on the mechanical fibrillation process using a microfluidizer and a grinder.
The grinding of fibers to produce cellulose nanofibrils of nano-sized diameters has been described (Iwamoto et al. 2005 (Iwamoto et al. , 2008 Subramanian et al. 2008) . In this process, the fiber structure, which consists of multiple layers of nanofibers bound together by hydrogen bonding, is degraded by the shearing forces generated by the grinding stones.
Subsequently, the nano-sized fibers are isolated from the pulp fibers (Iwamoto et al. 2007 ). The pulp must be passed several times through the grinder to achieve a high degree of nanofibrillation (Hassan et al. 2012) .
NFC production from plant biomass starts with a treatment to partially or completely remove matrix components such as lignin and hemicelluloses in order to isolate cellulose fibers (Moon et al. 2011) , and make cellulose nanofibrils more accessible (Hubbel and Ragauskas 2010) . The use of unbleached cellulosic fibers results in nanofibrillated cellulose of reduced hydrophilicity and reduces costs and improves strength and barrier properties (Spence et al. 2010 (Spence et al. , 2011 .
In the first step of conventional pulping methods, the lignin is partially removed. The second step involves a bleach treatment that removes almost all of the remaining lignin and produces a fiber that is largely composed of cellulose. The Kraft process is the conventional industrial method used to produce pulp. However, the organosolv process is a cleaner alternative. The common laboratory method for bleaching fiber is an acid-chlorite delignification treatment that utilizes acetic acid and sodium chlorite as reagents. This method bleaches and solubilizes lignin at moderate temperatures, around 70°C (Hubbel and Ragauskas 2010) .
The conventional pulping processes, such as the Kraft and sulfite processes, are chemical methods that produce large amounts of waste water, which results in environmental pollution, mainly from waste sulfur. To overcome this drawback, new environmentally friendly organosolv pulping processes were used. These processes have several advantages such as avoiding the use of sulfur-containing reagents, the option to use the process with both woody and nonwoody feedstock, a higher yield for equal residual lignin content, and the efficient recovery of solvents from the process. Different organic solvents, such as ethanol, acetic acid, esters, soda-amine and ethanolalkali (Sahin and Young 2008; Sarkanen 1990; Shatalov and Pereira 2005; Vázquez et al. 1999) , have been studied on a laboratorial scale (Jiménez et al. 2008; Lu et al. 2012; González et al. 2008) .
Bamboo has high strength fibers, and as one of main non-wood and available forest resources, it plays an important economic and cultural role in tropical areas worldwide. For example, bamboo utilization is significant in China's pulp industry, with production of approximately one million tons (Zhao et al. 2010) . These characteristics indicate bamboo as a competitive material in relation to wood and other non-wood vegetal fibers to produce pulp (Correia et al. 2015) and nanofibrillated bamboo cellulose as reinforcements of the organic and inorganic matrices, such as in polymeric composites (Lu et al. 2013; Guimarães Jr. et al. 2015) and in construction materials like cement and concrete reinforcement (Coutts and Ni 1995; Correia et al. 2014; Xie et al. 2015) .
The aim of this study was to evaluate the organosolv process for preparing unbleached and bleached bamboo pulp fiber that could be used for making NFC. A second objective was to evaluate the properties of the NFC from these pulps prepared by the grinding process.
Materials and methods
Ethanol/water pulping and acid-chlorite bleaching of the bamboo fibers Bamboo organosolv pulping was performed according to Correia et al. (2014) ; for the production of the chips, dried bamboo culms were chopped in a MA 680 Marconi brand wood chipper. The pulping was produced in a batch reactor with a capacity of 7 L using ethanol/water as the solvent at a ratio of 1:1 (v:v) and using a chips/solvent ratio of 1:10 (w:v). It took approximately 20 min for the reactor to achieve the pulping temperature at a rate of 9.5°C/min until 190°C, followed by 2 h of cooking. After cooking, the reactor was cooled in an ice container, and then the bamboo chips treated were transferred to the defibrator, where 500 mL of 1 % NaOH were added for 3 min, for the removal of the remaining lignin on the fibers. This mixture was filtered under a vacuum in a Buchner funnel, followed by washing with over 500 mL of 1 % NaOH and then with distilled water until a neutral pH was reached.
Bamboo organosolv pulp was bleached using the acid chlorine method, according to previously established protocols (Ruzene et al. 2007; Siqueira et al. 2013) , in which the pulp was suspended in water at 3 % consistency and heated to 70°C. 8.4 g of sodium chlorite and 3.4 mL of glacial acetic acid were added to every 10 g of pulp. The solution was further heated to 70°C for 60 min, and then the suspension was cooled in an ice bath to 10°C. The bleached pulp was filtered and washed with distilled water until a neutral pH was attained.
Chemical composition of the unbleached and bleached pulps
The unbleached and bleached pulps were subjected to analysis for determination of their chemical composition, such as extractives [according to the Tappi T 204 cm (1997) method], Klason lignin [Tappi T 222 om (1998) ], cellulose and hemicellulose (Morais et al. 2010) .
Structural changes in the pulp with the pulping and bleaching Fourier Transform Infrared (FTIR) spectroscopy was used to verify the occurrence of changes in the functional groups and in the structure of the cellulose after pulping and bleaching (Jonoobi et al. 2009 ). The spectra of unbleached pulp and bleached pulp were obtained using a Paragon 1000 Spectrometer, Perkin Elmer brand, equipped with the ATR accessory (Attenuated Total Reflectance), over the scan range of 4000-400 cm , and with a total accumulation of 32 scans for the unbleached pulp and 128 scans for the bleached pulp.
Mechanical nanofibrillation using the grinding method
The unbleached and bleached bamboo organosolv pulps were nanofibrillated in a suspension of water and pulp with a consistency of 2 % (w/w) using the grinding method. In this method, the cellulose pulp was passed between a static grind stone and a rotating grind stone revolving at 1700 rpm. A commercial grinder, Supermasscolloider Mini, model MKCA 6-2, with two grinding stones of aluminum oxide (Al 2 O 3 ), model MKGA 6-80#, produced by Masuko Sangyo Co., Ltd., Japan was used.
The two grinding stones were placed one over the other, where the bottom stone rotates and the top stone is static, without direct contact between the disks. After starting the machine and loading it with pulp stock, the clearance was progressively reduced to 15 lm. This calibration of the clearance until 15 lm was the maximum supported by the equipment during its operation. As a result of such contact, the pulp was Cellulose (2016 Cellulose ( ) 23:2971 Cellulose ( -2987 Cellulose ( 2973 under the influence of shear forces during nanofibrillation. The grinder has a handspike that controls the distance between the disks. In some grinder models, the handspike can be in a ''-100 lm'' position, that is equivalent to the distance between the disks, and in a ''zero'' position, where the disks must be close each other before loading the pulp for the fibrillation. The unbleached and bleached pulp suspensions were passed 5, 10, 15 and 20 times through the grinder, and the nanofibrillated pulp was sampled periodically.
Evaluation of the structure of the pulp and the nanofibrillated cellulose
The cellulose is polymorphic material whose form depends on the history of the sample. The XRD analysis was done to determine the crystallite size of the unbleached and bleached pulp and nanofibrillated cellulose after 5 and 20 nanofibrillation cycles. A Rigaku MiniFlex 600 diffractometer equipped with a CuKa radiation (1.54056 Å ) and source operated at 40 kV and 15 mA was used to irradiate nanofibrillated cellulose and unbleached and bleached pulps; the resulting diffraction profile was detected at different diffraction angles using an X-ray goniometer to scan the samples from 10°to 40°(2h) in 0.02°steps at a rate of 2°/min. No background correction was made.
The crystallite size was determined by the Scherrer equation described by Langford and Wilson (1978) according to Eq. 1.
D is the perpendicular size to the lattice plane represented by the peak (200), k is the constant related to the shape of the crystallites and the indices of the reflecting plane, k is the wavelength of the incident beam in the diffraction experiment, B is the peak width at half maximum (pwhm) in radians and h is the position of the peak (half of the plotted 2h value).
Segal crystallinity index (CI) was considered not appropriate to determine crystallinity of cellulose, because there is a dependency of Segal amorphous intensity on crystal size, polymorphic structure, and the degree of polymorphism. Furthermore, there is a non-linear relationship of the Segal crystallinity to the relative crystal sizes for a given polymorph, but that it is not appropriate to compare the Segal Crystallinity Indices of different polymorphs (French and Santiago Cintrón 2013) . Therefore, to determine amorphous fractions the simulated diffraction patterns were produced by the variation of the pwhm using the Mercury 3.7 program (Macrae et al. 2008; French 2014) , according to the method proposed by Nam et al. (2016) . The simulation was carried out with crystal information files containing the published coordinates of the asymmetric units of cellulose Ib because they are the most abundant in nature (Nam et al. 2016) . The coordinates were presented in the ''crystal information files'' (.cif) and obtained in Nishiyama et al. (2002) and Chen et al. (2015a) . The procedure to obtain the crystal information file (.cif) was according to that which was reported by French and Santiago Cintrón (2013) . The less-perfectly ordered cellulose was generated for simulation due to the supposition that there were amorphous materials and, in minor degrees, others types of cellulose such as cellulose Ia (Nam et al. 2016) . The calculated amorphous contribution was created by using a pwhm of 9.0 for the cellulose II pattern calculated with the .cif file. The cellulose Ib file was edited with WordPad to change the parameter a = 7.784 Å for Ib unit cell to 8.12 Å , cell angle gamma from 96.55°to 94.55°and saved with a.cif extension. The CuKa wavelength was set at 1.54056 Å . For the preferred orientation, a MarchDollase factor was applied to the (001) plane.
The simulation curves were used to calculate the amorphous fraction (w) according to Eq. 2.
S c and S a are the crystalline area and the amorphous area, respectively.
The theoretical diffraction patterns of semi-crystalline cellulose I b were then calculated using a binary mixing rule as a first-order estimate to determine the intensity (I total ), according to Eq. 3 (Nam et al. 2016) .
w c is the fraction of crystalline cellulose, and I c , and I a are the intensities of crystalline and amorphous celluloses, respectively.
Morphological analysis of the pulp and the nanofibrillated cellulose
The structure and the size of the unbleached and bleached nanofibrillated cellulose after 5, 10, 15 and 20 nanofibrillation cycles were examined from the images obtained via Scanning Transmission Electron Microscopy (STEM) (FEI Magellan 400 L Scanning Electron Microscope). The samples were prepared according to Iwamoto et al. (2009) : a drop of 0.002 wt% suspension was deposited onto a copper grid with carbon film support, and then the liquid excess was absorbed by filter paper and allowed to dry by evaporation under ambient conditions. The sample grid was observed at 15 kV using a FEI Magellan 400 L Scanning Electron Microscope. The average width of 150 fibers for each sample was measured from the STEM images using the free software for image analysis called ImageJ. The scale of the software was calibrated using the scale bar on the STEM images.
Physico-mechanical characterization of the nanofibrillated cellulose Nanofibrillated cellulose samples were diluted at 0.002 wt%, and a drop of the suspension was placed on the mica surface for physico-mechanical analysis using an Atomic Force Microscope (AFM). The transverse modulus of elasticity and the adhesion capacity of the unbleached and bleached nanofibrillated cellulose after 5, 10, 15 and 20 nanofibrillation cycles were determined using a Dimension Icon Ò Atomic Force Microscope in the Mechanical Properties category and PeakForce QNM (Quantitative Nanomechanical Property Mapping) mode under ambient conditions (22°C and 55 % RH). The analysis was performed using a silicon tip mounted on a silicon cantilever with a spring constant equal to 40 N/m, vibration amplitude equal to 22.4 nm, and scanning rate equal to 1 Hz. The tip used had a triangular shape, rotated symmetric geometry, and a nominal radius of 5-12 nm.
The deflection of the cantilever at the maximum force enables topography mapping. The modulus is extracted from the slope of the retraction curve near zero separation, and the adhesion pull-off force is obtained from the minimum in the retraction curve (Cranston et al. 2011) .
The images were analyzed using the NanoScope Analysis software (Bruker), version 1.40.
The nanofibrillated cellulose was analyzed from 30 images with different areas: 10 areas of 0.06 lm 2 , where, 576 points were analyzed by area; 10 areas of 0.05 lm 2 , with 5184 points analyzed; and 10 areas of 625 nm 2 , with 1936 points analyzed. Therefore, a total of 76,960 points were tested to calculate the average of the modulus of elasticity and the adhesion for each nanofibrillated cellulose sample (unbleached and bleached).
The modulus and adhesion values of the nanofibrillated cellulose were obtained by the DerjaguinMuller-Toporov (DMT) model (Eq. 4) (Derjaguin et al. 1975; Dokukin and Sokolov 2012) .
F -F adh is the force on the cantilever relative to the adhesion force, R is the tip end radius, d -d 0 is the deformation of the sample and E is the modulus.
Results and discussion

Chemical composition of the unbleached and bleached pulps
The chemical compositions of the unbleached and bleached pulps are presented in Table 1 .
The results indicate that after bleaching, the lignin content decreased 89 %, and the hemicellulose and extractives decreased 51 and 67 %, respectively, compared with the unbleached pulp. The increase of 16 % in the cellulose content confirmed the removal of the amorphous content of the pulp, such as lignin and hemicellulose, after bleaching. Consequently, the relative content of the crystalline components is higher in bleached pulp, which demonstrates the effectiveness of bleaching. According to Siqueira et al. (2013) , the sodium chlorite/acetic acid bleaching method is selective for obtaining cellulose when up to 60 % of lignin is removed. Although the bleaching removes the amorphous components of the fiber such as hemicellulose and lignin, the amorphous part of the cellulose remains in the fiber, which is removed only by acid hydrolysis, enzymatic, or bacterial processes. Therefore, the pulp after bleaching consists of amorphous cellulose (less ordered) and crystalline cellulose (more ordered) (Pääkko et al. 2007; Dufresne 2006; Klemm et al. 2005; Beck-Candanedo et al. 2005) .
Structural changes in the pulp with the pulping and bleaching
The spectra obtained using the FTIR technique presented in Fig. 1a, b show the changes in the chemical structure of cellulose after the pulping and bleaching processes of the unbleached and bleached pulp, respectively.
During the pulping at 190°C, the dehydration of hydroxyl groups from hemicellulose and cellulose were directed, predominantly, on the hydroxyls connected to the secondary carbon (Solomons and Fryhle 2000) . Thus, the formation of double bonds occurred in the least substituted carbon, which did not occur in lignin, due of the unique presence of hydroxyl groups on primary carbon.
The band at 1640 cm -1 corresponds to the vibrational mode of the cellulose water (Li et al. 2009; Haafiz et al. 2013) . The double bond between carbons can be observed at 1600 cm -1 , but it is not possible to differ the cis and trans isomers by the analysis presented in Fig. 1a ; according to Silverstein et al. (2005) , it is possible to form these isomers.
The double bond was maintained after pulping and pulp neutralization because acidic pH is required for the beginning of the hydration process, and at neutral pH, there is no formation of carbocation-which is essential for the reaction (Carey and Sundberg 2007) . The changes that occurred during the pulping process caused the modification in the cellulose structure, which made it less hydrophilic due to the exchange of the hydroxyl groups by the double bonds. Figure 2 shows a theoretical outline of this modification.
The dehydration process creates an aromatic structure, especially in the monomers; in other words, it provides the cellulose after pulping the resonance stability of the electrons (Solomons and Fryhle 2000) , which makes the cellulose after pulping more resistant than the cellulose before pulping.
During the bleaching, the release of the Cl 2 (g) occurred in the reaction medium by the addition of the carboxylic acid (acetic acid) and a basic salt (sodium chlorite) that was catalyzed at 70°C. In such conditions, in addition to the bleaching, the hydration of the double bond occurs concurrently, preferably by the formation of the carbocation, which will undergo attack by water (Solomons and Fryhle 2000) .
After hydration, the hydroxyl groups return to the secondary carbons or the original position. Subsequently, a new reaction starts in which the carboxylic acid and the hydroxyl groups of the cellulose in the solution promote the direction to the formation of ethers, in particular, to secondary and tertiary carbons (Solomons and Fryhle 2000) , thus giving rise to cellulose with ester groups (Fig. 3) .
The ester groups in the bleached cellulose are confirmed by the presence of the C-O stretch at 1741 cm -1 (Silverstein et al. 2005) , which give the cellulose a high hydrophilic character, as shown in Fig. 1b .
The ester groups have a higher affinity with water than with alkenes, which are almost completely insoluble in water due to its low polarity and their inability to form interactions by hydrogen bonds. As a result, when the cellulose with alkene groups is compared with the cellulose containing ester groups, cellulose ester (bleached pulp) is more hydrophilic, and cellulose alkene (unbleached pulp) has a structure that is more stable and resistant, due to their resonant structure.
Determination of the crystalline and amorphous fraction
To determine the crystallite size by the Scherrer equation of the unbleached and bleached pulp and nanofibrillated cellulose after 5 and 20 cycles the experimental diffraction patterns were used (Figs. 4,  5 ). There are significant differences between diffraction patterns of pulps (unbleached and bleached) and nanofibrillated cellulose (5 and 20 cycles). The structure and degree of cellulose crystallinity depend on its history as well as the source and the processing of the sample (French 2014) . Four major polymorphs (I, II, III, and IV) have been reported for the structure of cellulose. Cellulose I is the structure of native cellulose, while other polymorphs are obtained by different treatments from cellulose I, because its structure is thermodynamically metastable (Moon et al. 2011) . Cellulose I has two polymorphs, Ia and Ib, which coexist in different proportions depending on the sources. However, cellulose Ib is the main type in vegetal fibers (VanderHart and Atalla 1984) . After nanofibrillation, structural transformations can occur during the process and part of the components can be removed from the P and S1 layers of the fibers/pulp and transferred to the water/fiber suspension gel point (Jonoobi et al. 2009 (Jonoobi et al. , 2011 .
To evaluate the relative crystalline (or amorphous) fraction of the unbleached and bleached nanofibrils, experimental and theoretical diffraction patterns by means of fit and the Eqs. (2) and (3), using the crystal (200)] were calculated using the Scherrer equation (Eq. 1). Table 2 shows the crystallite size of the unbleached and bleached pulps and the nanofibrillated cellulose after 5 and 20 nanofibrillation cycles. During mechanical fibrillation the S1 layer from the secondary wall is opened to the access of the S2 layer (high cellulose content), and thereby facilitate the production of nanofibrillated cellulose (Law et al. 1985; Marton et al. 1979 ). According to Wang et al. (2012) the S2 layer is subjected to external fibrillation and delamination and thus, the P and S1 layers are removed during nanofibrillation, which have low cellulose content and high levels of hemicellulose and lignin. This suggests that S2 layers have less amorphous components (hemicellulose and lignin) than P and S1 layers (Thuault et al. 2015) , and during nanofibrillation the S2 layers are exposed, resulting in the fiber surface with proportionately more cellulose, as will be discussed in the Sect. 3.4.
After 5 nanofibrillation cycles the crystallite size is 14.8 % greater in relation to unbleached cellulose and 9.5 % greater compared to bleached cellulose. According to Kim et al. (2010) , Moon et al. (2011) and Poletto et al. (2014) , these results indicate that there was a relative change of crystallite size caused by the nanofibrillation.
Scanning Transmission Electron Microscopy (STEM)
The STEM images of pulp and cellulose bundles after nanofibrillation are shown in Figs. 6 and 7 for unbleached and bleached cellulose, respectively. The greatest difference is observed after 5 nanofibrillation cycles, which has a high degree of fibrillation when comparing the pulp to unbleached cellulose, as shown in Fig. 6a , b, and to bleached cellulose as shown in Fig. 7a, b . With the application of 5 cycles or more of nanofibrillation, no further differences are observed in the morphology of the fibers. However, the distributions of widths change substantially.
According to Lavoine et al. (2012) , with a higher number of cycles, no significant changes can be observed in the fiber morphology, and after five cycles through the grinder, the fibrillation of pulp fibers shows no significant difference.
In the Figs. 6 and 7, note that nanofibrillated cellulose is not homogeneous and includes nanofiber bundles and nanofibrillated fibers. The inhomogeneity is due to hydroxyl groups on the surface of the fibers, which interact and lead to agglomeration (Zimmermann et al. 2004; Siró and Plackett 2010) .
From images of the Figs. 6 and 7 and in the Table 3 , bleached cellulose was found to be fibrillated to the same extent as the unbleached during nanofibrillation cycles, and no difference was found between unbleached and bleached fibers width after 5, 10, 15 and 20 cycles.
In the micrographs, no difference in morphology of the fibers after 5 nanofibrillation cycles was observed; the results presented in Table 3 indicate that there is a tendency to reduce the average width with the nanofibrillation cycles. However, this is not significant taking in consideration the size distributions as depicted in Figs. 8a, b .
The width distribution of the unbleached and bleached nanofibrillated cellulose after 5, 10, 15 and 20 cycles is illustrated in Fig. 8 . Most of the nanofibrillated cellulose fibers have a width in the range of 10-20 nm, which is confirmed by the results presented in Table 3 .
Physical-mechanical characteristics of the nanofibrillated cellulose Table 4 presents the average of the results for the transverse modulus of elasticity and the adhesion capacity of the nanofibrillated cellulose from unbleached and bleached bamboo organosolv pulp after 5, 10, 15 and 20 nanofibrillation cycles. The average results were obtained from 30 nanofibrillated cellulose areas, which were selected as shown in Fig. 9a and subsequently analyzed to determine their modulus of elasticity and adhesion capacity. The results in Table 4 show, particularly at 5 nanofibrillation cycles, the influence of the amorphous components in the modulus of elasticity of the nanofibrillated cellulose. After 5 cycles, the bleached cellulose presented a higher modulus of elasticity compared with unbleached cellulose. Table 1 shows that the bleached pulp has a higher amount of cellulose and lower amount of amorphous components (lignin and hemicellulose) than unbleached cellulose. According to Mukherjee and Satynarayana (1984) and Arrakhiz et al. (2012) the increased strength and modulus of elasticity can be associated to higher cellulose content and lower amorphous components of the fiber. Cellulose has greater stiffness and carries the majority of the load, whereas hemicellulose and lignin have lower stiffness and higher deformation (Chen et al. 2015b ).
External fibrillation and delamination of the S2 layer of the cell wall of the fibers were more intense up to 5 nanofibrillation cycles, and at 10 cycles the exposure of the S2 layer, which contains proportionately more cellulose, has continued to occur. It is believed that the increase of the modulus of the nanofibrillated cellulose at 10 nanofibrillation cycles indicates that in this step there was the peak of physical removal of the residual amorphous components of the fiber (hemicellulose and lignin), which have a lower modulus of elasticity than cellulose (Mwaikambo 2009 ).
The reduction in the modulus of elasticity after 10 cycles implies that the cellulose degrades with increase of the nanofibrillation cycles. According to Iwamoto et al. (2007) , the shearing force generated by the grinding treatment degrades the pulp. During nanofibrillation, the degradation of the fibers occurs by the breaking of hydrogen bonds existing between the cellulose molecular chains.
The adhesion capacity measured by AFM reflects the movement of the tip when it is attracted to the surface of the sample. This phenomenon occurs due to attractive forces in this area, such as van der Waals forces, London forces, and hydrogen bonds (Butt et al. 2005) .
The bleached pulp has ester groups, as shown by the FTIR analysis (Fig. 1) , which provide it with a higher polarity compared to cellulose alkene (unbleached cellulose). Furthermore, bleached cellulose has a low amount of lignin, which is strongly non-polar. Thus, at 10 nanofibrillation cycles, the bleached cellulose had higher adhesion capacity, because of its stronger bonds, as presented in Table 4 .
The delamination of the S2 layer in lower intensity, after 5 nanofibrillated cellulose, contributed to continual removal of part of the amorphous components (mainly lignin), which are dissolved from the fiber surface (Fardim and Durán 2003) . Lignin has low polarity, which contributed to the increase of the adhesion capacity of the fiber, especially the unbleached cellulose. From the partial removal of lignin during nanofibrillation, part of hydroxyl and carbonyl groups, which were limited by the presence of these amorphous components, were released and the adhesion was improved due to the increased polarity of the medium. An increase of the adhesion also occurred in the bleached pulp; however, the increase was less intense due to its polarity, since the addition of some hydroxyl groups does not generate an effect of this magnitude. At 15 cycles, as indicated, the structure of the unbleached cellulose was disaggregated and, due to the aqueous medium, a partial hydration of the cellulose alkene (unbleached cellulose) occurred, which accounted for an increase of polarity and adhesion capacity, as presented in Table 4 . However, at 10 cycles, the modulus of elasticity reached the maximum point, and a declining trend with the increase of the nanofibrillation was observed, which was justified by the degradation of the fibers that had low reinforcement ability. Figure 9b , c show the typical profile of the nanofibrillated cellulose after 10 nanofibrillation cycles from unbleached pulp. The curves are representative of 30 measurements of the transverse modulus of elasticity and adhesion. The curves show the variability of the modulus of elasticity and the adhesion capacity of the nanofibrillated cellulose along the analyzed area.
In these images, the brightest areas correspond to the higher adhesion forces between the tip of AFM and the fibers and also correspond to the regions where the modulus of elasticity is higher. The darker areas correspond to weaker forces of adhesion and low modulus, as found by Liang et al. (2014) .
The dark areas correspond to the amorphous regions, and the bright areas are associated with the crystalline regions present in the nanofibrillated cellulose, which are confirmed by the micrograph and the mechanical behavior along the analyzed area. The brightest areas correspond to the regions on the curve with a higher modulus of elasticity. This analysis confirms, together with the chemical analysis presented in Table 1 , that the nanofibrillated cellulose has amorphous and crystalline regions.
Conclusions
These results demonstrate the effect of bleaching on bamboo organosolv pulp and the effect of increasing the nanofibrillation cycles on the physical and mechanical properties of the unbleached and bleached nanofibrillated cellulose. The bleaching process almost completely removes the amorphous components present in the pulp, thus generating cellulose with a higher polarity on the surface, which increases the adhesion capacity of the fibers. However, the unbleached cellulose has, in general, a higher transverse modulus of elasticity and a higher structural stability, which gives it a higher resistance to degradation.
In assessing the influence of the increase in nanofibrillation cycles in the physical and mechanical properties of the nanofibrillated cellulose, the nanofibrillation of the cellulose was found to be more intense at the beginning, within a few cycles (5) reducing the fiber dimensions, especially reducing the width to the nanoscale. With high nanofibrillation cycles (15 and 20), the cellulose was degraded, leading to a loss of mechanical properties and adhesion capacity of these nanofibers. The peak of the physical removal of amorphous components of the fiber occurred at 10 nanofibrillation cycles, and thus, the maximum value of the modulus of elasticity of the unbleached nanofibrillated cellulose was at 10 nanofibrillation cycles. The unbleached nanofibrillated cellulose produced by 10 cycles was defined as the best option to be used as reinforcement because of its greater modulus of elasticity, the diameter of nanofibrillated cellulose after 5 nanofibrillation cycles was only reduced by 30 %, no differences were observed in the morphology of the fibers.
